SUMMARY
An interesting concept in the organization of cellular membranes is the proposed existence of lipid rafts. Membranes of eukaryotic cells organize signal transduction proteins into membrane rafts or lipid rafts that are enriched in particular lipids such as cholesterol and are important for the correct functionality of diverse cellular processes. The assembly of lipid rafts in eukaryotes has been considered a fundamental step during the evolution of cellular complexity, suggesting that bacteria and archaea were organisms too simple to require such a sophisticated organization of their cellular membranes. However, it was recently discovered that bacteria organize many signal transduction, protein secretion, and transport processes in functional membrane microdomains, which are equivalent to the lipid rafts of eukaryotic cells. This review contains the most significant advances during the last 4 years in understanding the structural and biological role of lipid rafts in bacteria. Furthermore, this review shows a detailed description of a number of molecular and genetic approaches related to the discovery of bacterial lipid rafts as well as an overview of the group of tentative lipid-protein and protein-protein interactions that give consistency to these sophisticated signaling platforms. Additional data suggesting that lipid rafts are widely distributed in bacteria are presented in this review. Therefore, we discuss the available techniques and optimized protocols for the purification and analysis of raft-associated proteins in various bacterial species to aid in the study of bacterial lipid rafts in other laboratories that could be interested in this topic. Overall, the discovery of lipid rafts in bacteria reveals a new level of sophistication in signal transduction and membrane organization that was unexpected for bacteria and shows that bacteria are more complex than previously appreciated.
INTRODUCTION
C ellular membranes define a dynamic boundary with the environment. Biological membranes are constituted by a specific set of lipids and proteins, and their correct organization influences all cellular processes (1) . Consequently, the organization of membrane components has been an important research topic in the past decades (2) (3) (4) . The pioneering fluid mosaic model (5) proposed by Singer and Nicolson in 1972 suggests that all membrane constituents diffuse freely and, thus, distribute randomly. In this way, all membrane-embedded lipids and proteins are laterally mobile. The fluid mosaic model left open the possibility of the existence of mechanisms to obtain long-range order in a homogeneous fluid system (6) , which seeded further investigations to demonstrate that cellular membranes are much more complex organelles than previously thought (7) . In particular, it was discovered that biological membranes are constituted by a large variety of different lipid species showing distinct physicochemical properties (8) (9) (10) . Importantly, the existence of diverse lipid species results in their lateral segregation into membrane microdomains because they tend to coalescence due simply to their phys-icochemical affinities (11, 12) . The heterogeneous organization of membrane lipids into discrete microdomains leads to a diverse distribution of embedded membrane proteins, which appears to be essential for their functionality (12) (13) (14) . This lateral separation of membrane lipids and proteins is now referred to as membrane domains (15, 16) .
Many types of cells contain distinct membrane domains, although their presence has been long recognized in eukaryotic cells only. For instance, polarized epithelial cells show a lateral organization of the membrane to distinguish a basolateral and an apical membrane macrodomain, showing different lipid and protein compositions and being specialized in different roles (17) (18) (19) . Neurons also have membrane domains with different lipids and proteins, which are catalogued according to their role in synapsis (20, 21) . However, the existence of membrane domains is not an exclusive feature of eukaryotic cells. Membrane domains are also evident in bacteria and archaea. In fact, membrane organization is particularly important in unicellular organisms, as it represents the boundary between the organism and the environment and therefore orchestrates many cellular processes that are essential for life, such as cell division or signal transduction (22) (23) (24) (25) . For instance, the use of specific lipid dyes (e.g., nonyl-acridine orange [NAO] ) has demonstrated the presence of cardiolipin-enriched domains at the cell poles and at the division septum in Escherichia coli and Bacillus subtilis bacterial cells (26) (27) (28) (29) . Although the specificity of this dye for the detection of cardiolipin has been questioned recently (30) , the localization pattern of NAO-enriched domains in E. coli and B. subtilis suggests a lateral organization of lipids in bacterial membrane that may be correlated with cell division and morphogenesis (26) (27) (28) (29) .
An interesting concept in membrane organization is the proposed existence of lipid rafts or membrane rafts (31) . Membranes of eukaryotic cells organize a variety of proteins related to signal transduction and membrane trafficking into microdomains or rafts that are enriched in particular lipids such as cholesterol or sphingolipids (31) . Lipid rafts also harbor specific proteins. One of the raft-associated proteins is commonly referred to as reggie or flotillin (32) (33) (34) (35) (36) . Flotillin proteins are membrane-bound chaperones that localize to lipid rafts, where they may recruit the proteins that need to be localized in lipid rafts to be active and facilitate their interaction and oligomerization (32) (33) (34) (35) (36) . Thus, flotillin proteins are important components of lipid rafts and play a central role in the organization of lipid rafts (33, 35, 36) . Because of this, flotillin proteins are considered bona fide markers of the subcellular localization of lipid rafts (32) (33) (34) (35) (36) . The activity of flotillin is important for the correct functionality of numerous raft-associated cellular processes, including membrane sorting, trafficking, cell polarization, and signal transduction. Consequently, the perturbation of the activity of flotillin causes serious defects in signal transduction and membrane trafficking (32) (33) (34) (35) (36) , which seems to be related to the occurrence of severe diseases such as Alzheimer's disease and Parkinson's disease (37) .
The existence of lipid rafts has been traditionally associated with eukaryotic cells because their assembly depends on the presence of cholesterol, which is absent from the membranes of most bacteria and archaea. Thus, the assembly of lipid rafts in eukaryotes has been considered a fundamental step during the evolution of cellular complexity, suggesting that bacteria and archaea were too simple to require such a sophisticated organization of their signaling networks and membrane-associated protein complexes. However, bacteria also show a variety of membrane-associated sensory complexes, such as the ones involved in bacterial chemotaxis, which organize into large clusters that integrate and amplify stimuli before transmitting the signal to downstream proteins (38, 39) . Thus, this demonstrates that bacteria are also able to organize their signal transduction systems into signaling platforms of a certain complexity.
In addition to the above-mentioned findings, it was recently shown that bacteria are also able to organize many signal transduction cascades and protein transport into functional membrane microdomains (FMMs) constituted by specific lipids (40); i.e., bacterial membranes contain lipid rafts similar to those found in eukaryotic cells (31) . The assembly of FMMs involves the biosynthesis of polyisoprenoid lipids in the membrane and their colocalization with flotillin-like proteins, which are also present in bacteria (41) . Bacterial flotillins seem to play a role similar to the one played by eukaryotic flotillins, acting as protein scaffolds in recruiting proteins that need to be localized in lipid rafts to promote interactions and oligomerization (42, 43) . Similarly to eukaryotic flotillin proteins, flotillins in bacteria play an essential role in organizing and maintaining the correct architecture of the FMMs. The discovery of FMMs in bacterial membranes led many laboratories in the last 5 years to experimentally test critical aspects of this discovery. This review compiles the information that is currently available about the existence and biological role of bacterial lipid rafts. Furthermore, current protocols that are important in exploring the existence of bacterial lipid rafts are detailed, as are the possible lines of evolution of this new research field of growing importance.
DISCOVERY OF FUNCTIONAL MEMBRANE MICRODOMAINS IN BACTERIA
FMMs of bacteria were unexpectedly discovered during investigations of biofilm formation using the model organism B. subtilis. The membrane-associated sensor kinase KinC, which triggers biofilm formation in B. subtilis (44, 45) , lost its functionality in a ⌬yisP mutant that was unable to produce certain membrane-related polyisoprenoid lipids. The activity of KinC and, thus, biofilm formation were recovered in the ⌬yisP mutant when polyisoprenoid lipids were added to the cultures at different concentrations (40) . Initially, it was assumed that YisP is a squalene synthase. However, it was recently shown that YisP acts as a phosphatase, catalyzing the formation of farnesol from farnesyl diphosphate (46) . The ⌬yisP mutant is severely affected in the activity of several membrane-associated proteins, including KinC (40), thereby inhibiting biofilm formation. This led to the hypothesis that bacteria could compartmentalize membrane-bound sensor kinases into discrete FMMs differing in lipid composition from the rest of the membrane.
Analysis of bacterial membrane microdomains was performed according to the approaches established for the examination of eukaryotic lipid rafts (47, 48) . This procedure is based on the ability of lipid rafts to resist disaggregation by nonionic detergent treatment by taking advantage of their variable lipid composition. Their variable lipid composition makes them more compact and gives them more-hydrophobic regions than the rest of the membrane, and they are thus more resistant to detergent disaggregation (47, 48) . The different membrane fragments can be separated according to their size in a sucrose gradient. This treatment resulted in one membrane fraction that is sensitive to detergents (detergent-sensitive membrane [DSM] fraction) and another fraction composed of larger membrane fragments that is more resistant to detergent disruption (detergent-resistant membrane [DRM] fraction). The importance of not equating the DRM fraction with lipid rafts is emphasized several times during this review. Results obtained by using this technique need further validation. Nevertheless, there is strong evidence that the DRM fraction includes proteins thought to be present in lipid rafts, and the DRM fraction is considered a membrane fraction enriched in lipid rafts (47, 48) . Purification of DSM and DRM fractions from bacterial membranes and analysis of their protein composition showed a heterogeneous distribution of proteins in B. subtilis. Mass spectrometry analysis of the proteins from the DRM fractions revealed a number of proteins involved in cell signaling, transport, and protein secretion (40) . When these membrane regions were purified and their protein contents were analyzed, KinC was found exclusively in association with the DRM fraction, along with many other signaling proteins (40) . This result demonstrates that the FMMs of B. subtilis are enriched in proteins that specialize in signal transduction and protein secretion.
It is important to highlight that the above-mentioned membrane fractionation experiments were preceded by other studies that demonstrated membrane fractionation in Bacillus halodurans and Bacillus subtilis (49, 50) . These two publications provided evidence for the existence of DSM and DRM fractions in bacterial membranes (49, 50) . Importantly, the DRM fraction was enriched in an uncharacterized membrane protein, which is a homologue of the flotillin proteins of eukaryotic cells (50) . The YuaG (renamed FloT) flotillin-like protein from B. subtilis showed a heterogeneous distribution in the cytoplasmic membrane, displaying a punctate pattern along the entire cell (49) (Fig. 1) . While no exact function was ascribed to these bacterial proteins, a B. subtilis mutant lacking FloT showed a reduced sporulation efficiency as a consequence of a defective activation of the signaling pathway for sporulation, demonstrating that this protein plays an important role in the signaling pathways in B. subtilis (49) . Attempts to determine the type of lipid that led to the punctate distribution of the B. subtilis flotillin-like protein were inconclusive, finding only that the FloT-containing DRM fraction was enriched in cardiolipin (49) .
Further protein analysis of the DRM fraction in B. subtilis identified, besides FloT, a number of signaling proteins along with a second flotillin-like protein, which was referred to as YqfA (renamed FloA) (40) . Importantly, these two flotillin-like proteins were found to colocalize with KinC in the same membrane regions. B. subtilis mutants lacking flotillin genes showed a noticeable impairment in the activity of KinC, which caused an abrogation of the ability of B. subtilis to form biofilms (40) . These results were consistent with the idea that FloA and FloT were two different flotillin-like proteins that act as scaffold proteins in making the activation of the raft-associated signaling pathways more efficient (40, 51) .
The colocalization of FloA and FloT with KinC and other signaling-related proteins disappeared when the production of membrane polyisoprenoid lipids was inhibited (40, 52, 53) . This effect was achieved by chemically inhibiting YisP using competitive inhibitors of this specific enzyme, such as zaragozic acid. Zaragozic acid can be efficiently incorporated into the active site of YisP to prevent the processing of farnesol (52) . As a consequence, nanomolar concentrations of these compounds added to cultures of B. subtilis caused a strong inhibition of the production of the constituent lipids and concomitantly a severe disruption of FMMs, manifested by the dispersion of the protein cargo to the overall cellular membrane (40) . The dispersion of protein cargo resulted in a severe reduction of the activity of the associated signal transduction pathways. For instance, nanomolar concentrations of zaragozic acid added to cultures of B. subtilis inhibit the activity of the raft-associated kinase KinC and, therefore, cause a severe inhibition of biofilm formation (40) .
It is possible that the existence of FMMs is universal in bacteria, given that almost all bacterial species harbor at least one flotillinlike protein-encoding gene in their genome. An overview of the presence of flotillin genes in bacteria is shown below in Fig. 3 . For instance, the opportunistic pathogen Staphylococcus aureus con- tains one flotillin gene in its genome, which codes for a protein that is highly similar to FloA of B. subtilis (ϳ90% identity) (40) . Furthermore, when the protein content of the staphylococcal FMMs was isolated and identified, a significant number of proteins related to signal transduction were detected along with FloA (40) . Nanomolar concentrations of zaragozic acid added to cultures of S. aureus caused an inhibitory effect similar to the one described for cultures of B. subtilis (40) , which is manifested by the inability of cells to produce the golden-colored carotenoid staphyloxanthin that gives the typical yellow coloration to S. aureus (54) . In addition to the loss of pigmentation, S. aureus cells showed a strong inhibition of the signal transduction pathways that were detected in association with the staphylococcal FMMs. Consequently, the perturbation of the architecture of FMMs by inhibiting the biosynthetic pathway responsible for the production of the constituent lipids in S. aureus causes a potent and simultaneous inhibition of processes related to the development of infections (40) . After the existence of FMMs was reported, the increasing interest of the scientific community in this topic has generated a considerable number of publications, which explore the implications of bacterial lipid rafts in the activation of diverse signaling pathways as well as the aggregation of specific lipids (51, (55) (56) (57) (58) . The increasing interest in this new field has already consolidated this topic into an emerging area of research in microbiology.
MOLECULAR ARCHITECTURE OF FMMs IN BACTERIA
FMMs are supposed to be membrane platforms highly enriched in polyisoprenoid lipids; thus, their lipid composition differs from that of the surrounding membrane. The constituent polyisoprenoid lipids confer compact and hydrophobic properties to these membrane regions, which probably causes a selective reduction in the diffusion of specific membrane proteins that ultimately tend to coalesce and concentrate in the FMMs (11, 12, 20, 31, 59, 60) . The identity of the harbored proteins (here referred to as protein cargo) varies considerably according to the physiological state of the cells. Therefore, the identification of the protein components of the cargo depends on the experimental conditions. In contrast, the FMMs contain two important structural components that provide consistency to these signaling platforms and are present under all experimental conditions tested. These components are the constituent lipids and the flotillin protein. These two structural components can be considered bona fide markers of the presence of FMMs under any experimental condition under study (61) .
Constituent Lipids of the FMMs
Cellular membranes are composed of a large number of distinct lipid species, which differ in their molecular structures and physicochemical properties (62) . These constituent lipids tend to coalesce into microdomains. This phenomenon is known as "lipid ordering" and is the organizing principle of membrane microdomains (11, 63) . For instance, the ability of cholesterol and sphingolipids to modulate lipid ordering in cellular membranes is a hallmark of the existence of lipid rafts in eukaryotic cells (31) . Bacterial membranes are also composed of distinct lipid species, showing different molecular structures and physicochemical properties. Therefore, it is plausible that lipid ordering also occurs in bacterial membranes, in a fashion similar to that which occurs in eukaryotic cells (11, 12, 31) . However, cholesterol is absent from the membranes of most bacteria (with notable exceptions, such as Borrelia burgdorferi, Helicobacter pylori, Mycoplasma spp., Ehrlichia chaffeensis, and Anaplasma phagocytophilum), and therefore, the organization of FMMs should depend on the presence and self-aggregation of sterol surrogates. Alternatively, microorganisms such as Borrelia burgdorferi display specific mechanisms to sequester extracellular cholesterol and chemically modify it to incorporate it into their membranes and generate cholesterol-enriched membrane microdomains (64, 65) . It was shown that sterols support lipid raft formation in B. burgdorferi similar to the formation of eukaryotic lipid rafts (66) . Membrane domain formation was visualized by using electron microscopy (EM) immunogold labeling of B. burgdorferi with antibodies directed against cholesterol glycolipid. The formation of cholesterol glycolipidcontaining membrane domains was retained when cholesterol was replaced by other sterols such as ergosterol and stigmasterol. The loss of sterols from B. burgdorferi membranes prevents the isolation of detergent-resistant membranes (66) .
Although the molecular structure of the constituent lipids of the bacterial FMMs is yet to be elucidated, numerous genetic and molecular assays suggest that they are polyisoprenoid lipids similar to cholesterol (40) . Self-aggregation of polyisoprenoid lipids confers rigid, compact, and hydrophobic properties to the membrane microdomains (like a floating raft, hence the name lipid raft), similar to the lipid rafts of eukaryotic cells (11, 12, 31) . Bacterial membranes contain several lipid species that could coalesce into microdomains and should be considered potential candidates for the assembly of FMMs. For instance, it is possible to detect cyclic polyisoprenoid lipids structurally similar to the cholesterol of eukaryotic cells. These molecules are commonly referred to as hopanoids (from the plant genus Hopea, from which they were isolated as components of the resin) and as sporulenes, in the case of B. subtilis (67, 68) (Fig. 2) . Hopanoids are structurally diverse (69) (70) (71) (72) (73) (74) (75) , although diplopterol or amino-functionalized methylbacteriohopanepolyols may be the most abundant (76) . The production of hopanoids requires the cyclization of the polyisoprenoid lipid squalene by the enzymatic action of a squalene-hopene cyclase (SqhC), which releases polycyclic terpenoids called hopanoids (73, 74, 77, 78) . There are many unknowns regarding the production of hopanoids in bacteria. For instance, the reaction catalyzed by SqhC seems to occur in the absence of oxygen, but many hopanoids are produced by aerobic bacteria (mostly methanotrophs, heterotrophs, and cyanobacteria), and only a few hopanoid species have been detected in facultative anaerobes and strict anaerobes (68) . This could be due to the bias that exists for the cultivation of anaerobic organisms, because hopanoids are typically much more abundant in anoxic environments. In general, there is no clear taxonomic pattern other than that hopanoids seem to be very prevalent in alphaproteobacteria and cyanobacteria, and hopanoids do not occur in archaea and eukaryotes (73, 74, 77) . The biological role of hopanoids in bacterial membranes is yet to be elucidated. Nevertheless, it is largely assumed that hopanoids modulate the fluidity of membranes to increase the degree of lipid order or membrane rigidity (57) at high temperatures. It is apparent that hopanoids are important for the correct functionality of numerous cellular processes and membrane-associated signal transduction cascades in bacteria (67, (79) (80) (81) (82) . For instance, the Gram-negative bacterium Rhodopseudomonas palustris divides asymmetrically into a mother cell and a swarmer cell. Membrane hopanoids seem to play a crucial role in guiding the asymmetrical division of this bacterium. Ho-panoid mislocalization causes defective division such that cells remain connected by their cell wall, forming long filaments. From these results, one can hypothesize that the lack of hopanoids severely compromises cell growth in this bacterium, as has been reported (83) . Additionally, it has been reported that hopanoids can replace cholesterol in Mycoplasma cells without compromising cell growth (79) . In fact, it was recently demonstrated that hopanoid molecules inserted into membranes are able to coalescence and induce phase separation (57) , which supports the possibility that hopanoids play a role similar to that of cholesterol in the assembly of lipid rafts.
Although the main constituent lipids of bacterial membranes are glycerol-based phospholipids, other types of lipids in addition to hopanoids can be found at a relatively high frequency in bacterial membranes. Bacterial membranes contain a large variety of noncyclic polyisoprenoid lipids. Despite the structural differences between noncyclic and cyclic polyisoprenoid lipids, their polyisoprenoid nature confers similar physicochemical properties to these lipids. An important example of noncyclic polyisoprenoid lipids that are abundant in bacteria is carotenoids (84) (Fig. 2) . The carotenoids are a large family of pigmented membrane-associated polyisoprenoid lipids that exhibit antioxidant properties and are capable of scavenging reactive oxygen species (84) (85) (86) . They play an important role in regulating the rigidity of the bac- terial membrane in a manner similar to that observed for cholesterol in eukaryotic cells (84, 85, 87, 88 ). However, the high level of structural diversity between members of the large family of carotenoid molecules is worth noting. It is possible that various subfamilies of carotenoids are present in the membrane, exhibiting different physicochemical properties, which may exert distinct effects on the physiology and structure of the cellular membrane. A large number of bacterial species are able to produce carotenoids, including Staphylococcus (89) . Specifically, the ability of the genus Bacillus to produce carotenoids was recently discovered (90, 91) . This finding is consistent with the hypothesis that carotenoids or similar noncyclic polyisoprenoid molecules are relevant constituent lipids of the FMMs of B. subtilis (40) . The biosynthetic pathway that leads to the production of the constituent polyisoprenoid lipids in B. subtilis requires the activity of YisP (40, 46, 92) . Consequently, ⌬yisP mutants are unable to produce the membrane-related polyisoprenoid lipids or sesquiterpenes, and the integrity of the FMMs is selectively affected. In S. aureus, a squalene synthase, CrtM, synthesizes squalene by headto-head condensation of farnesol. CrtM likely converts two molecules of farnesylpyrophosphate into squalene or dehydrosqualene, depending on whether the reaction includes or does not include NADPH as a reducing agent, respectively (92, 93) . The B. subtilis YisP enzyme is a structural homologue but likely dephosphorylates farnesylpyrophosphate into farnesol (46, 94) . Dehydrosqualene or phytoene is the precursor molecule of carotenoid molecules. Thus, it is reasonable to think that molecules related to carotenoids are part of the constituent lipids of S. aureus FMMs. Moreover, the supplementation of cultures with different carotenoids or farnesol can complement the ⌬yisP mutant of B. subtilis and partially recover the loss of functionality of the raft-harbored kinases, leading to a partial recovery of the ability to form a biofilm (40, 46) . This result also argues that a lipid factor produced by YisP and CrtM is necessary for the assembly of flotillins in the FMMs of B. subtilis and S. aureus, respectively.
Moreover, B. subtilis flotillins can be copurified with an additional type of lipid known as cardiolipin (49) (Fig. 2 ). Cardiolipin is a specific type of diphosphatidylglycerol lipid, so it shows a dimeric structure in which two phosphatidyl moieties are linked by a glycerol molecule. Cardiolipin is found exclusively in the inner mitochondrial membrane and in most bacterial membranes. Here, cardiolipin represents ϳ30% of the total membrane lipids during the stationary growth phase (95) . In mitochondria, cardiolipin is essential for the functionality of numerous membrane-bound proteins that are involved in energy metabolism (96) . In bacteria, mutants lacking cardiolipin are viable, but they show severe growth defects when exposed to high-salt conditions, indicating the importance of cardiolipin in modulating the membrane composition to adapt to stress conditions and adjust membrane fluidity (26, 27, 97, 98) . Recent advances in the development of new fluorescent probes and visualization techniques allowed the identification of cardiolipin domains in bacterial membranes (26, 27) . For instance, the lipid dye NAO allows the visualization of the subcellular distribution of cardiolipin domains in bacterial membranes (26, 27) , although the specificity of this dye for cardiolipin was recently questioned (30) . Nevertheless, this dye organizes in membrane microdomains, preferentially positioned at the poles and septal regions of E. coli and B. subtilis cells, which are enriched in cardiolipin (26, 27) . The subcellular distribution of cardiolipin influences many membrane-associated proteins and serves as a cue for the localization of proteins at specific sites in the cell, more specifically the poles and the septation site (99) . As it has already been demonstrated that cardiolipin participates in the lipid ordering of bacterial membranes, it is possible that cardiolipin participates as one of the constituent lipids of FMMs and serves as a cue for the recruitment of other proteins that need to be in the FMMs to be active.
Bacterial Flotillin
Flotillin is an abundant protein of lipid rafts and therefore is considered an important protein marker for the detection and visualization of lipid rafts (32, 35, 43, (100) (101) (102) . Flotillins are evolutionarily well conserved from bacteria to humans. Flotillin proteins (also called reggie proteins) (103) are considered scaffold proteins that favor the recruitment of proteins that need to be in the lipid rafts to be functional, organizing signaling complexes and promoting the interactions of raft-associated proteins (42, 43, 104) . Thus, the scaffold activity of flotillins is expressed in tethering protein or lipid components to facilitate their efficient interaction and oligomerization and to mediate the efficient activation of the signal transduction pathways (42, 43, 104) . Consequently, alterations in the functionality of flotillins significantly influence the large number of raft-associated cellular processes (35, 37, 105, 106) . Flotillin proteins were found in the insoluble fraction of Triton X-100, which floated after sucrose centrifugation and hence were named flotillins (100). Flotillins are also highly upregulated in regenerating axons after lesion formation and thus are called reggies (101) . Eukaryotic lipid rafts contain two homologous members of the flotillin or reggie proteins, referred to as flotillin-1 and flotillin-2 (reggie-2 and reggie-1, respectively). For simplicity, we do not use the reggie terminology in this review. Both flotillins are ubiquitously present in mammalian tissues and associated with each other in hetero-oligomeric complexes (33, 34, 36, 106) and seem to have a strong regulatory correlation (107) (108) (109) .
Flotillin-1 and flotillin-2 are anchored to the cytoplasmic membrane by their N-terminal regions via myristoyl and palmitoyl moieties, respectively, like many other proteins that are known to localize in lipid rafts (110, 111) . Flotillins belong to a large family of proteins termed the SPFH (stomatin, prohibitin, flotillin, and HflK/C) family (41, 112) . This protein family was described based on sequence comparisons and homology searches (40, 41, 49, 50, (113) (114) (115) (116) . All members of the SPFH family present the so-called PHB domain (PHB stands for prohibitin; SPFH/PHB and Band7 are synonyms of these protein modules). It is believed that the PHB protein domain is important for the functionality of the SPFH proteins, but the definitive role of the PHB domain is unknown (41, 112) . Bacterial flotillins also belong to the family of SPFH proteins, as they contain a PHB domain in their molecular structure. However, the N-terminal region of the bacterial flotillins is not decorated with lipidic moieties. Instead, the association of these proteins with the bacterial membrane occurs via their transmembrane regions or a hairpin loop inserting into the lipid bilayer. Moreover, flotillins usually harbor a coiled-coil region downstream of the SPFH domain, which seems to be involved in specific protein-protein interactions and oligomerization (117) .
The discovery and identification of flotillin proteins in bacteria were reported in 1999 by Tavernarakis et al., with the description of a large of number of bacterial proteins that belonged to the SPFH family (41) . Among these proteins, the YuaG protein of B.
subtilis was detected and showed a high level of homology to eukaryotic flotillins (41) . Experimental evidence of the existence of bacterial flotillins was reported in 2005 by Zhang et al., who showed that the flotillin-like protein BH3500 of B. halodurans was partially purified in association with the DRM fraction (50) by using an experimental methodology similar to the one used for the purification of eukaryotic flotillins (50) . This work also showed that the flotillin protein BH3500 was induced under alkaline conditions (50) , which is consistent with additional studies of gene expression showing an induction of the yuaG gene in B. subtilis under certain membrane stress conditions (113, 118) . RiveraMilla et al. performed structural and functional comparative studies of diverse flotillin proteins in 2006 and provided evidence for the similarities between the putative flotillin-like protein YuaG and eukaryotic flotillins (112) .
In 2009, Donovan and Bramkamp showed the subcellular localization of YuaG, which is heterogeneously distributed in discrete puncta across the bacterial membrane (49) . Attempts to determine the type of lipid that led to the punctate distribution of YuaG were inconclusive, finding only that its localization was not strictly dependent on lipids containing phosphatidylglycerol and cardiolipin (49) . However, this report presented the first evidence for the role of YuaG in specific cellular processes. YuaG was found to influence sporulation in B. subtilis, as cells lacking YuaG were delayed in the onset of sporulation in comparison to wild-type cells (49) , suggesting that one or more kinases involved in the signal cascade at the onset of sporulation are affected. In 2010, YuaG was found to colocalize with a second flotillin-like protein, YqfA, in discrete membrane puncta, which also clustered with other proteins related to signal transduction and cell-cell communication (40) . The integrity of these regions depended on the production of the flotillins YuaG and YqfA (here referred to as FloT and FloA, respectively), such that the absence of flotillins caused a severe misfunctionality of the associated signaling processes (40) . Remarkably, alterations in the production of membrane-associated polyisoprenoid lipids impaired the localization and functionality of the proteins harbored within FMMs and resulted in a general disruption of the related cellular processes, including biofilm formation, sporulation, and protease secretion (40) , in B. subtilis but also in other bacterial species such as S. aureus (40) .
In 2012, Dempwolff et al. reported a battery of physiological assays in which a flotillin-defective B. subtilis strain showed severe impairments in sporulation, the activation of natural competence, and motility (51) . In that same year, the AAA membrane-bound protease FtsH was reported to associate with FloT and FloA of B. subtilis, and there was a subsequent defect in the functionality of FtsH in a flotillin-defective mutant (58) . Cells lacking flotillins showed alterations in cell shape and cell division (119) . In 2013, Bach and Bramkamp demonstrated that flotillins play an important role in regulating membrane fluidity and scaffolding raftassociated cellular processes related to protein secretion and transport (120) . Furthermore, this work used biochemical and molecular approaches to show that the loss of flotillins in bacterial membranes reduces membrane heterogeneity and leads to a coalescence of ordered lipid regions (120) . This finding is in agreement with previous work by Lee et al., who showed that the expression of FloT reduces membrane fluidity under membrane stress conditions (56) . Altogether, data from these two publications connect the functionality of flotillins to membrane organization in bacteria.
Presence of flotillins in various bacterial species. The study of lipid rafts in bacteria is a field of growing importance, which aims to expand investigations to other bacterial species to ultimately determine whether the organization of FMMs is a universal feature of bacteria and whether there are fundamental differences between different species. The use of bioinformatic tools is currently the most robust preliminary approach to screen for the existence of FMMs in diverse bacterial species. Bioinformatic analysis is based on genome-wide searches for genes that code for flotillin-like proteins or constituent lipids, as these are the most important structural components of FMMs in bacteria. It is important to consider that the molecular structure of the constituent lipids may vary from one bacterial species to another, and therefore, the biosynthetic pathways that lead to the production of these constituent lipids may vary as well. Therefore, the best initial approach to ascertain whether a given bacterial species is able to organize FMMs is probably via detection of a flotillin-like proteinencoding gene(s) within its genome. Detection of flotillin-encoding genes is a relatively straightforward task. The first step in the identification of a flotillin protein in any given bacterial species is the evaluation of the number of membrane-associated proteins that contain the PHB domain characteristic of flotillins. This step can be performed, for instance, by using the bioinformatic tool SMART (http://smart.embl-heidelberg.de/) (121) . The pool of tentative protein candidates should be further investigated, as other flotillin-related proteins that belong to the large SPFH family of proteins also contain PHB domains (41, 112) . Verification can be performed at the genetic level. For instance, flotillin-encoding genes are generally found as part of an operon in bacterial genomes (122) . The flotillin-encoding gene is usually the second gene of the operon, while the first gene generally codes for a homologue of the NfeD protein (122), a protease that is confined to bacteria and archaea and proven to interact directly with flotillinlike proteins. The third gene of the operon shows no homologies and is absent from the operons of some species. (Fig. 3) . However, members of the most distant group of Bacillus species, called the Bacillus cereus group, which includes the human pathogens B. cereus and B. anthracis and the insect pathogen B. thuringiensis, harbor the gene that codes for a FloT-like flotillin, but they do not express a FloA-like flotillin. The floT gene is annotated BCE_0618, BA_0557, and BALH_0497 in B. cereus, B. anthracis, and B. thuringiensis, respectively (Fig. 3) . FloT shows an identical amino acid sequence among the B. cereus group, and it shares 63% amino acid identity (319/509 aa) and The Firmicutes contain the genus Bacillus along with other genera such as Listeria and Staphylococcus. The non-spore-forming, motile bacterium Listeria monocytogenes is probably the most representative species of the genus Listeria and is responsible for causing severe infections in humans, including listeriosis (123) . Similarly to the B. cereus group, Listeria species harbor only one flotillin-encoding gene in their genomes, but in contrast to the B. cereus group, the gene that is present in the genome of L. monocytogenes codes for a FloA-like flotillin (lmo0392 gene) (Fig. 3) . Therefore, L. monocytogenes does not contain FloT. FloA of L. monocytogenes shares 62% identity (187/301 aa) and 76% positive amino acids (229/301 aa) with FloA of B. subtilis (Fig. 3) . Similarly, the genus Staphylococcus has in S. aureus its most significant example, which generally causes severe disease, including hospital-and community-associated infections (124) . Staphylococcus aureus contains one floA-like flotillin gene in its genome (SA1402 gene), similar to what is observed for L. monocytogenes (Fig. 3) . Staphylococcal FloA shares 84% identity (249/301 aa) and 90% positive amino acids (277/301 aa) with FloA of B. subtilis.
The class Actinobacteria contains Mycobacterium and Streptomyces as the most relevant genera, and its members harbor one flotillin-encoding gene. The life-threatening pathogen Mycobacterium tuberculosis has one flotillin-encoding gene (Rv1488 gene) (Fig. 3) . In this case, the taxonomic distance between Mycobacterium and Bacillus prevented a significant overlap in the sequence alignment of the flotillins. However, the putative flotillin shares 76% identity (277/365 aa) and 87% positive amino acids (320/368 aa) with flotillin of Streptomyces coelicolor (SCO1796 gene) (Fig.  3) . Corynebacterium glutamicum contains four genes that encode proteins with the PHB domain typically found in flotillin-like proteins (cgl0650, cgl1533, cgl2836, and cgl3067). However, their functionality as flotillin proteins has not been experimentally addressed.
(ii) Presence of flotillin in Gram-negative bacteria. The role of flotillin proteins and the study of lipid raft organization in Gram-negative bacteria have not been addressed. Escherichia coli belongs to the class Gammaproteobacteria, along with Salmonella and Pseudomonas. Escherichia coli possesses one flotillinlike gene in its genome, termed yqiK. YqiK presents an N-terminal transmembrane region that is located next to the PHB domain that is typically found in flotillin proteins. YqiK possesses a large C-terminal region that makes this protein a flotillin of 553 amino acids. In this respect, the molecular structure of YqiK resembles that of FloT of B. subtilis, despite sharing only 26% amino acid identity and 45% similarity to FloT of B. subtilis. There are already reports of the presence of YqiK in E. coli cells and its role in membrane quality maintenance (125) . There is additional evidence for a role of YqiK in lipid metabolism. In their review, Hinderhofer et al. commented: "Overexpression of YqiK shows a marked effect on cell morphology. Bacteria that overexpress YqiK are larger than wild-type cells and contain opaque cellular inclusions suggesting that they might contain overproduced lipids" (126) . However, these data are unpublished, and thus, further experiments should be performed in the future to confirm this claim.
YqiK shares Ͼ90% identity to the flotillins of Pseudomonas aeruginosa. The lung-associated pathogen P. aeruginosa contains two different flotillin-encoding genes in its genome. The genes are annotated PA3729 and PA0452 (Fig. 3) . PA3729 encodes a 688-amino-acid flotillin-like protein that presents a long C-terminal region. According to the size of the protein and the extension of the C-terminal region, this protein is structurally more similar to FloT of B. subtilis. In contrast, PA0452 encodes a 264-amino-acid flotillin-like protein that shows a small C-terminal region, and thus, this protein seems structurally more similar to FloA of B. subtilis (Fig. 3) .
Alphaproteobacteria are represented by the freshwater bacterium Caulobacter crescentus. C. crescentus has a gene in its genome, annotated CC3375, that encodes a flotillin that is structurally similar to FloA of B. subtilis (Fig. 3) . CC3375 codes for a 310-aminoacid protein. The FloA-like flotillin of C. crescentus is also similar to the FloA-like flotillin of the betaproteobacterium Neisseria meningitidis (annotated NM1220), a 315-amino-acid protein with a small C-terminal region (Fig. 3) . The class of delta-/epsilonproteobacteria also harbors flotillin-encoding genes in their genomes. Campylobacter and Helicobacter are within this class. Campylobacter jejuni and Helicobacter pylori both contain tentative flotillinencoding genes, Cj0268c and HP0248, respectively. These two proteins seem to be structurally more similar to FloA than to FloT (Fig. 3) .
We also found several bacterial species in which the flotillinencoding genes seemed to be absent from their genomes. One example is the bacterium Mycoplasma pneumoniae, which has the smallest bacterial genome (816 kb) (127) . Its reduced genome atypically provides this bacterium with no signal transduction systems (127) . Hence, it is probably not surprising that cells lacking signal transduction systems do not show any evidence for the organization of functional membrane microdomains in their membranes and therefore contain no flotillin-encoding genes.
Finally, FMMs may also exist in the membranes of archaea, since it is possible to detect flotillin-like proteins in several species of archaea by using SMART software (http://smart.embl -heidelberg.de/) (121) . For instance, Halobacterium species possesses a flotillin-like protein (VNG_0321G). This protein is 392 amino acids long and possesses a N-terminal membrane-anchoring region along with a PHB domain. Importantly, it was recently reported that the membrane of Halobacterium exhibits domains that are constituted by the lipid squalene. The energy-transducing purple membrane in Halobacterium species. was shown to accumulate high concentrations of squalene (128) . This is indeed an interesting connection between the production of polyisoprenoid lipids and flotillin in archaea (129) .
Protein Cargo of the FMMs
One of the most relevant features of lipid rafts is the capacity of these discrete membrane regions to organize a specific subset of proteins in space and time, to ultimately achieve a fine-tuned specificity in the organization of signaling networks and transport machineries. Thus, a key question regarding the organization of lipid rafts, and, by extension, the FMMs in bacteria, is the identities of the proteins tethered in the microdomains and the signaling networks in which these proteins participate. It is possible to isolate and identify the membrane proteins that are associated with the functional microdomains based on their ability to resist membrane disaggregation when treated with a mixture of nonionic detergents (47) . This allows a physical separation of two membrane fractions by zonal centrifugation: one is the DSM fraction, which is sensitive to detergents, and the other is the DRM fraction, which is composed of larger membrane fragments and is more resistant to detergent disruption (47) . Whereas it is extremely important not to equate the pool of proteins present in the DRM fraction with raft-associated proteins (60), it is known that the DRM fraction is highly enriched in proteins associated with lipid rafts (Table 1) . Therefore, this technique represents an excellent starting point to investigate whether a protein of interest is harbored in the functional membrane microdomains (47) .
It is crucial to perform further experiments to validate whether any potential protein candidate identified in the DRM fraction is actually part of the cargo of the FMMs. For instance, one can assay protein-protein interactions with the protein candidate and the scaffold protein flotillin, using pulldown assays or a bacterial twohybrid system. Also, whether mutants lacking the constituent lipids and/or flotillin show any effect on the functionality of the protein of interest can be evaluated. It is important at this point to emphasize that raft separation by detergent disaggregation should not be the main criterion to classify a protein as part of the protein cargo of lipid rafts (12, 20, 60) . The unrigorous use of this approach in the past generated results that were difficult to reconcile, which led to questioning of the existence of lipid rafts and whether lipid rafts were artifacts generated during the preparation of samples (130, 131) . The solubilization of membranes by detergent treatment can render biased results depending on the concentration and type of detergent or the temperature, and an alternative methodology is required to validate any protein of interest as part of the cargo of the FMMs. Table 1 shows a list of proteins that were identified in the DRM fraction of B. subtilis. Below, some examples of protein cargo that are already characterized are detailed.
In order to generate a biofilm, cells switch from a planktonic to a sessile state by downregulating the expression of flagellar genes and inducing the expression of genes required for matrix production (132) . This self-produced extracellular matrix contains ex-opolysaccharides (EPSs) and proteins (133) and provides the rigidity that is required for the formation of robust biofilms (134, 135) . The genes responsible for the production of EPSs are part of an 11-gene operon termed the epsA-O operon (or the eps operon) (133, 136, 137) . Two secreted proteins provide structural integrity to the matrix. These proteins are TasA and TapA, which are encoded by the three-gene operon tapA-sipW-tasA (tapA operon) (133) . TasA is a functional amyloid protein (138) that is anchored to the cell wall by TapA (139) . The activation of the master regulator Spo0A is necessary to trigger the activation of the eps and tasA genes, which leads to biofilm formation (140) (141) (142) (143) (144) (145) . The activation of Spo0A requires the phosphorylative action of five different kinases (KinA to KinE [KinA-E]) that are responsible for transferring a phosphoryl group to Spo0A via a Spo0F/Spo0B phosphorelay system (45, 146) . The activation of the KinA-E kinases is driven by the action of specific signals of an unknown nature (147, 148) . It was recently discovered that a signaling molecule termed surfactin, produced by B. subtilis itself, activates histidine kinase C (KinC) and in turn phosphorylates Spo0A, with subsequent activation of the signaling pathway (44, 149) .
An association of the sensor kinase KinC with the protein cargo or the FMMs of B. subtilis occurred when KinC was detected in the DRM fraction (40) (Fig. 4) . Validation of this result was obtained by colocalization of the protein KinC and the flotillin-like protein FloT. The localization of KinC to the FMMs of B. subtilis requires FloT and FloA (40) . Deletion of floT and floA results in a mislocalization of KinC and also abrogates KinC activity, which prevents the flotillin-defective strain from expressing matrix genes and forming a biofilm in response to the signal surfactin, similarly to a mutant defective in kinC (40) . Similarly, the ⌬yisP mutant that is unable to produce constituent lipids of FMMs was unable to form a biofilm in a Spo0A-dependent manner. It was not possible to detect KinC in the DRM fraction of the ⌬yisP mutant by Western blotting. It was possible to recover biofilm formation in the ⌬yisP mutant with expression of the Sad67 allele (150), which codes for a variant of Spo0A that is constitutively active and does not need the phosphorylative action of KinC to induce biofilm formation (40) . This provided evidence that KinC is one component of the protein cargo of the FMMs (Fig. 4) . Alterations in the lipid or proteinic architecture of the FMMs severely affected the functionality of KinC and, thus, the activation of the signaling cascade for biofilm formation (40) . However, a ⌬floT ⌬floA mutant displayed a more severe defect in biofilm formation and sporulation than did a ⌬kinC mutant (49, 58) . Both biofilm formation and sporulation are Spo0A-regulated processes (142, 151) , suggesting that the ⌬floT ⌬floA mutant had other defects that further inhibited the activation of the Spo0A genetic cascade. Supporting this hypothesis, the direct interaction of FloA and FloT with the protein cargo protease FtsH was important for the protease activity of FtsH (58) (Fig. 4) . FtsH was found to be associated with the DRM fraction and to colocalize with FloA and FloT (58) . FtsH has been reported to indirectly affect the levels of phosphorylated Spo0A (Spo0AϳP) by degrading four regulatory phosphatases, RapA, RapB, RapE, and Spo0E, which feed into the Spo0A phosphorelay to decrease the levels of Spo0AϳP (152) . Accordingly, previous studies have shown that the ⌬ftsH mutant has a severe defect in sporulation, consistent with a decrease in the levels of Spo0AϳP (153, 154) . Further analysis has shown that FtsH may have a degradation effect on cell division-related proteins to ultimately regulate cell division in B. subtilis (119, 120) . Thus, it is possible that the FMMs of bacteria indirectly affect cell division via the regulation of FtsH (Fig. 4) .
In E. coli, the FtsH protease is associated with the HflC/K proteins. HflC and HflK are members of the SPFH protein family that are essential for the correct oligomerization of FtsH in E. coli (155) . B. subtilis lacks HflC/K proteins, and hence, it was speculated that FloT/A might substitute for HflC/K in B. subtilis to allow FtsH oligomerization into a functional membrane-integral protease hexamer (58). FtsH is not only localized into mobile foci in B. subtilis but also enriched at the division septum. In accordance with a FloT/A interaction with FtsH, FloT and FloA are less dynamic when they are localized to the septum than in lateral foci (58) . FtsH is a membrane-embedded proteolytic machinery that is involved in several essential cellular processes. Although FtsH is not absolutely essential in B. subtilis, mutants have a severe, pleiotropic phenotype. FtsH is required for biofilm formation, likely because cells do not differentiate efficiently into matrix producers (58) . An increase in FtsH activity has a dual effect on B. subtilis cells. First, the increased degradation of Rap phosphatases leads to an elevated level of Spo0AϳP and an increase in biofilm formation. The overproduction of FloT/A and FtsH activities in B. subtilis leads to cell length reduction and an increase in the number of FtsZ rings (119) . Because EzrA, a negative regulator of FtsZ, was found in the DRM fraction, molecular concentrations of EzrA were analyzed under flotillin overexpression conditions. Indeed, EzrA levels were downregulated when flotillins were overexpressed, and a similar overexpression of FtsH led to a reduction in EzrA levels. These data support the notions that EzrA is a target of the FtsH protease and that the activity of FtsH can be triggered by flotillins (119) . In contrast, however, the activity of the E. coli AAA protease FtsH is negatively regulated by HflC/K (156, 157). Thus, both flotillins and HflC/K have chaperoning roles but regulate the activity of the protease complex differently. Interestingly, an interaction between a eukaryotic homologue of the FtsH protease and prohibitin, a PHB domain protein, has been described. The prohibitins Phb1b and Phb2b regulate the turnover of membrane proteins by modulating the activity of the m-AAA protease, a conserved ATP-dependent protease in the inner membrane of Saccharomyces cerevisiae mitochondria that is homologous to the bacterial FtsH protein. The m-AAA protease of S. cerevisiae and other yeasts is a hetero-oligomer that is composed of the subunits Yta10P (Agf3p) and Yta12p (Rca1p) (158) . However, in the yeast system, a lack of Phb1/2 leads to an increase in the level of the m-AAA protease (158) and thus to an effect opposite of that observed for the flotillin-FtsH interaction in B. subtilis but similar to that observed for the E. coli HflC/K-FtsH complex.
In exploring the hypothesis that FloA and FloT facilitate the interaction and oligomerization of the protein cargo, pulldown experiments showed an additional number of FloT-interacting proteins, which include a number of oligomeric proteins related to signal transduction and protein secretion (120) . Accordingly, protein secretion was significantly reduced in cells lacking flotillins, providing evidence for the existence of a functional link between the protein secretory machinery and the flotillin proteins (120) . Among the proteins that coeluted with FloT, the channel subunit SecY, the central component of the Sec system, as well as the signal peptidase SppA were identified (120) (Fig. 4) . Localization of the secretory machinery in puncta across the bacterial membrane was described and was dependent on flotillin membrane domains. The localization and functionality of the Sec system are dependent on the presence of negatively charged phospholipids (e.g., cardiolipin) in the bacterial membrane (159) . In an in vitro nanodisc assay of the function of the Sec system, it was shown that negatively charged phospholipids (e.g., phosphatidylglycerol) are essential for activity, while nanodiscs with a high percentage of uncharged lipids such as phosphatidylethanolamine led to inactive sec channels (160) . These in vitro experiments support the idea that protein secretion needs a highly specialized membrane environment for correct functioning. Thus, it is probably not surprising that both FloT and Sec proteins colocalize in foci within the membrane (Fig. 4) .
Moreover, the concentration of secreted proteins was reduced up to 40% in the flotillin-defective mutant compared to the wild type (120) , suggesting that secretion in cells lacking the FloA and FloT proteins is less effective, affecting particularly Sec-dependent secreted proteins. This experimental approach suggested that the functionality of the protein secretory machinery and probably its oligomerization requires the scaffolding activity of FloA and FloT in B. subtilis cells (120) . Several transport proteins were isolated in coelution experiments with FloT (120). Among these proteins was OppA, a peptide transporter linked to quorum sensing. Opp proteins are also conserved in Gram-negative bacteria, where they are involved in the recycling of cell wall peptides released from the growing cell wall (161) . In Gram-positive species such as B. subtilis, Opp proteins play a major role in the uptake of peptide pheromones such as Phr peptides (162) . However, there is no experimental evidence showing a decreased activity of OppA in B. subtilis in relation to flotillins, but the colocalization of OppA and FloT supports a functional interaction (120) .
Various proteins involved in cell wall synthesis/metabolism were identified in FloT pulldown experiments. Pbp5, TagU, GtaB, and FtsX were found to interact with FloT. FtsX was also shown to colocalize with FloT (120) . FtsX is the membrane-integral part of the FtsEX complex that has similarities to an ABC transporter. Although a transported substrate has not yet been identified, recent studies point toward a role of FtsEX in the regulation of peptidoglycan hydrolases (163, 164) . The conserved hydrolase CwlO is involved in cell wall elongation in B. subtilis, and its activity is controlled by FtsEX. In accordance with this function, FtsEX localizes in a punctate manner along the lateral wall in B. subtilis, where it colocalizes with FloT (120). TagU is involved in the final step of transferring teichoic acid polymers from the lipidlinked precursor to peptidoglycan and localizes in foci and bands along the lateral axis of B. subtilis (165) . Although individual knockouts of floA and floT have no apparent cell shape phenotype, cell shape and morphology defects have been described for floA floT double mutants (51) . The lack of both PHB domain proteins led to twisted, irregular-shaped cells. Membrane staining of these double mutants showed severe membrane distortions. Furthermore, double mutants have been described to be impaired in competence, likely because the DNA uptake apparatus is misplaced under these conditions (51) . Indeed, FloT and FloA have been copurified with the minor competence pilin ComGG (166) . However, in this study, the lack of either FloT or FloA led to an increase in competence (166) Thus, the influence of bacterial flotillins on competence development is therefore still unclear.
DISASSEMBLY OF BACTERIAL FMMs
Targeting of FMMs provides an interesting strategy to simultaneously inhibit a myriad of physiological processes that are related to microbial development. There are a number of small molecules that severely perturb the architecture of FMMs by inhibiting the biosynthetic pathway responsible for the production of the constituent lipids (40) . Importantly, most of these "antiraft" compounds are nontoxic to humans and commercially available as cholesterol-lowering drugs to treat patients with hypercholesterolemia (167) (168) (169) . When bacteria are exposed to nanomolar concentrations of these compounds, FMMs disperse, and raft-harbored proteins, including flotillin and part of the protein cargo, diffuse across the membrane, losing their functionality (40) . While the activity of raft-localized signaling pathways is severely compromised in the presence of antiraft molecules, these molecules do not represent a serious threat to cell viability and show lower pressure on the development of spontaneous mutation-acquired resistance to these compounds (40) , which makes them excellent candidates for the development of antimicrobial therapies.
The metabolic pathway that leads to the production of isoprene and other polyisoprenoid lipids in bacteria is relatively well known, as are the enzymes that catalyze the reactions that constitute the biosynthetic pathway. The production of isoprene in bacteria follows two different biosynthetic routes. One of them is called the mevalonate route and is the pathway that is found in species such as S. aureus, Streptococcus pneumoniae, and Enterococcus faecalis (170, 171) (Fig. 5) . This is also the same pathway that human cells use to synthesize cholesterol. Consequently, cholesterol-lowering drugs that are designed to inhibit the mevalonate pathway in patients with hypercholesterolemia also show a potent inhibitory activity toward the biosynthetic pathway of the constituent lipids in S. aureus, S. pneumoniae, and E. faecalis, blocking most of the signal transduction pathways that are known to localize in FMMs (167) (168) (169) .
However, there is another isoprenoid biosynthesis pathway in bacteria, which is referred to as the glyceraldehyde-3-phosphate (GA3P)-pyruvate route (172) (Fig. 5) . This is the route that is found in species such as B. subtilis, Mycobacterium tuberculosis, and Escherichia coli, and it is the same route that plants use to synthesize phytosterols. This route is not present in human cells, and consequently, the enzymes that participate in this biosynthetic route are not present in human cells. Because of this, a number of compounds that target the functionality of these enzymes have been developed for many diverse treatments of plants. Since human cells do not produce the target protein(s), the inhibitory compounds do not represent any harm to humans. For instance, the herbicide clomazone can inhibit biofilm formation in B. subtilis by targeting the production of constituent lipids (40) (Fig. 5) . The inhibition of constituent lipids causes a dispersion of the protein cargo of the membrane microdomains across the whole bacterial membrane, losing their functionality and therefore causing a strong inhibition of the related physiological features, including biofilm formation (40) .
The distribution of the GA3P-pyruvate and mevalonate biosynthetic pathways seems to not follow any particular pattern along the bacterial phylogeny, except that the GA3P-pyruvate route is more represented among bacteria (archaea use only the mevalonate pathway) (173) . A remarkable exception is the Gram-positive pathogen Listeria monocytogenes, which seems to contain the genes for both the mevalonate route and the GA3P-pyruvate route. It is not yet known whether these biosynthetic routes are redundant in L. monocytogenes or if they produce a different type of isoprenoid lipid. The existence of different biosynthetic pathways for the production of the lipids of FMMs implies that the collection of inhibitory compounds that target these pathways have a restricted spectrum of action. There is, however, a class of small molecules that can target both pathways indistinctively. These small molecules are the squalestatins, which are represented by the family of compounds called zaragozic acids (52) (Fig. 5) . Zaragozic acids are a family of fungal natural products that are Statin molecules such as simvastatin or pravastatin are potent competitive inhibitors of the HMG-CoA reductase (hydroxymethylglutaryl-CoA-reductase) enzyme that participates in the mevalonate route. Furthermore, compounds such as fosfomycin or clomazone are conventionally used to inhibit the GA3P-pyruvate route, as they are potent inhibitors of DXP reductoisomerase (1-deoxy-D-xylulose 5-phosphate reductoisomerase). The condensation of several isoprenoid molecules renders polyisoprenoid molecules such as squalene, which are precursors of polycyclic and noncyclic terpenoids. Zaragozic acids are competitive inhibitors of the enzyme squalene synthase and cause an inhibition of the production of squalene in bacteria that use the mevalonate route and the GA3P-pyruvate route. The inhibitor molecules are shown in dashed green frames.
very potent inhibitors of squalene synthase, which inhibit cholesterol synthesis and lower plasma cholesterol levels in humans (52) . They also inhibit fungal ergosterol and plant phytosterol synthesis and are potent fungicidal compounds. These potent natural product-based inhibitors of squalene synthase are universal inhibitors of sterol synthesis because they act upon a later stage in the biosynthetic pathway, once acetyl coenzyme A (acetyl-CoA) is converted to mevalonate and is processed to become squalene. Consequently, zaragozic acids represent an example of a family of natural products that can inhibit the production of constituent lipids in all kinds of bacterial species and therefore are likely to cause a dispersion of FMMs in bacteria, regardless of the species under consideration (40) .
ANALYSIS OF BACTERIAL LIPID DOMAINS BY USING ADVANCED MICROSCOPY TECHNIQUES
Biochemical analysis of cellular structures has provided fundamental insights into the cellular organization and function of cellular macromolecules, such as proteins and lipids. However, visualization of cellular structures is seen as prime evidence for their existence and is often more convincing to the community. Visualization of membrane domains has been particularly difficult since these domains are in the nanometer range below the resolution limit of conventional light microscopy. However, recent advances in technology now allow us to visualize lipid rafts with great precision. For instance, a recent study used secondary ion mass spectrometry (NanoSIMS) to directly image lipid microdomains in bacteria by using stable-isotope labeling and avoiding localization artifacts (174) . Furthermore, the past decade has seen a dramatic change in microscopy techniques. The use of fluorescent labels has helped to address the subcellular positioning of proteins, lipids, and DNA. Furthermore, new microscopic techniques that allow resolution below the diffraction limit of visible light (200 to 300 nm) have been developed. These techniques include stimulated emission depletion (STED), structured illumination microscopy (SIM), as well as techniques using stochastic fluorescence detection, such as photoactivated localization microscopy (PALM) and direct stochastic optical reconstruction microscopy (dSTORM). These superresolution techniques can provide resolution down to single molecules. These different superresolution microscopy techniques have different strengths and bottlenecks (175) (176) (177) . For imaging of bacterial cells, PALM/STORM seems to us to be the most useful approach because it can exploit total internal-reflection (TIRF) microscopy setups and is technically less demanding than STED or SIM. Furthermore, the theoretical resolution limit in the lateral and axial directions is highest for PALM/STORM. For stochastic fluorescence detection, photoswitchable fluorophores are used. These fluorophores are capable of efficient photoconversion, changing their excitation and emission spectra in response to light irradiation or any other environmental perturbation. An elegant way to use these photoswitchable fluorophores to track lipid domains with high resolution was described recently (178) . Those authors used a fusion between the C-terminal D4 domain of the theta-toxin, a known cholesterol binder, and the photoactivatable fluorescent protein Dronpa. The fusion protein localized to distinct membrane domains in a cholesterol-dependent manner when the isolated protein was incubated with HeLa cells. Due to the use of photoswitchable Dronpa, PALM revealed a high-resolution localization of cholesterol domains in plasma membranes. Examples of dual-color experiments have also been described for eukaryotic plasma membranes. By using the N-terminal domain of the T-cell receptor pathway kinase Lck and the N-terminal domain of the Src kinase fused to different photoswitchable fluorophores, a discrete distribution of these two proteins into defined membrane areas was shown (15) . These data are in nice agreement with data from yeast showing that proteins cluster together in distinct domains based on their membrane-anchoring domain. This technique should in principle work ideally for bacterial membrane proteins as well (15, 16) .
Although there is as yet no report that describes an analysis of bacterial membrane domains using PALM/STORM, there is clearly the potential for PALM/STORM to increase our knowledge about the organization of bacterial membrane domains. Some of these new microscopy techniques, such as three-dimensional structured illumination microscopy (3D-SIM), PALM, and STORM, may even allow live-cell imaging, and hence, these light microscopy techniques are more versatile than electron microscopy. Transmission electron microscopy (TEM) has been used intensively to study biological membrane systems and, together with immune-labeling techniques, was also successfully employed to visualize membrane rafts in bacteria (65) . Electron microscopy tomography and cryofixation have allowed enhancement of the preservation of biological structures in comparison to chemical fixation. Tomography has been used to analyze caveola structures in eukaryotes (179, 180) but has also proven tremendously useful in studies of bacterial protein complexes and organelles (181, 182) .
A new method uses genetically encoded probes, such as minisinglet-oxygen generator (miniSOG), for determination of protein localization by EM. MiniSOG is a fluorescent flavoprotein (106 amino acids) that can be used for conventional light microscopy but also for TEM. Singlet-oxygen production is triggered by blue light illumination and can be used to polymerize diaminobenzidine into a polymer. This method works effectively on fixed cells and can be used after staining with osmium for high-resolution EM (183) . Although these new imaging techniques have been widely used to study lipid and protein domains in eukaryotic cell membranes, there are only a few examples for bacterial cells. However, in view of the great impact of cryo-electron tomography on bacterial cell biology, these techniques are promising tools that can be used to understand the ultrastructure of the bacterial membrane in a new dimension.
Despite new high-resolution imaging techniques, membrane research has long been facilitated by the use of fluorescent dyes that integrate into the membrane bilayer and provide a specific readout that allows the drawing of conclusions about the membrane composition and physical state of the lipids. Laurdan is one of the polarity-sensitive fluorescent probes that has been intensively used by the community to study membrane fluidity and heterogeneity in biological membranes. A prerequisite for the use of Laurdan for membrane analysis is that Laurdan distributes evenly into the membrane, independent of its physicochemical properties. Furthermore, insertion of proteins into the lipid bilayer does not interfere with Laurdan intercalation (184) . The dye inserts into the lipid bilayer and displays a phase-dependent shift of the emission spectrum. Tightly ordered lipids in membranes (liquid-ordered [Lo] regions) exclude water molecules from penetrating deeply between the lipid head groups. Laurdan that has intercalated into Lo regions exhibits a blue shift of its emission spectrum. In less-ordered membrane regions (liquid-disordered
[Ld] regions) the emission spectrum is red shifted. This allows one to obtain direct spatial information about the physical state of the membrane by using fluorescence microscopy. The ratio between the emission maxima in the blue-and red-shifted peaks (420 to 470 nm and 500 to 570 nm, respectively) provides a relative value for membrane order, called generalized polarization (GP). Due to bleaching effects, Laurdan is most often visualized by using 2-photon microscopy (185) . However, there are examples of the use of conventional wide-field microscopy for eukaryotes (186) and also for bacteria (120, 187) . The use of Laurdan confirmed phase separation and lipid domain coexistence in model membranes (188) and plasma membranes (120, 189) .
Laurdan can be used in combination with fluorophores emitting red light fluorescence. The membrane dye rhodamine-DPPE [1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-n-(lissamine rhodamine B sulfonyl)] is an example of a dye that enriches in Ld regions and can be used together with Laurdan. In bacterial cells, the fluorescent dye Nile Red has been used together with Laurdan to visualize highly fluid membrane regions. Interestingly, these fluid membrane domains depend on MreB, the bacterial action homologue (187) . Proteins that were reported to be excluded from these fluid membrane domains are, for example, succinate dehydrogenase (SdhA) and F o F 1 ATPase (AtpA). Both proteins have been identified in bacterial lipid rafts (40, 120) . Together, these data suggest that the bacterial cell controls membrane domain formation via at least two distinct pathways, with MreB organizing the fluid regions and flotillins organizing the more ordered membrane domains.
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
The assembly of functional microdomains in the membranes of diverse bacteria, similar in structure and function to the lipid rafts of eukaryotic cells, is interesting due to different aspects. First, it reveals a remarkable level of sophistication in signal transduction and membrane organization that is unprecedented in bacteria. Second, the presence of these signaling platforms in many very distant domains of life strongly argues in favor of their critical role in regulating important cellular processes. Third, bacteria are genetically tractable model organisms that will help to solve questions related to the architecture and functionality of lipid rafts, which have been traditionally difficult to address in eukaryotic models due to complications with genetic manipulation in these systems. Fourth, the perturbation of the functional membrane microdomains impairs key developmental processes in bacteria and opens new avenues to use FMMs as targets to control, for instance, biofilm-related bacterial infections.
The discovery of the existence of functional membrane microdomains in the membranes of bacteria is recent, and therefore, the number of questions that need to be answered to acquire a better understanding of raft-like microdomains in bacteria is still overwhelming. Nevertheless, there are two main research aspects that need to be addressed in the near future in order to make progress in this field. One aspect is the structural components of these signaling platforms, to precisely determine the molecular structure of the constituent lipids, the role of the scaffold protein flotillin, and the molecular mechanism that cells activate to assemble these platforms. Moreover, a functional component needs to be addressed to fully understand the biological role of these signaling hubs in bacterial membranes and whether there is functional variation between different bacterial species. When these two important and challenging experimental aspects of the FMMs are addressed, the field will be more established and consolidated within the overall aspects to take into consideration in microbiology.
APPENDIX
Protocol for the Purification and Analysis of Detergent-Resistant Membranes from B. subtilis Cells This section described a detailed methodology for isolating and analyzing FMMs by detergent insolubility using B. subtilis cells as a model system. FMMs can be purified based on the selective advantage of these microdomains in resisting membrane disaggregation by detergent treatment. We detail below the crucial role of this separation technique in understanding the composition of lipid rafts and, by extension, the FMMs of bacteria. The technical procedure for the purification of the detergent-resistant membrane (DRM) fraction can be achieved simply by using this methodology. Briefly, the DRM is isolated by flotation on sucrose density gradients after detergent disruption. DRM proteins can be analyzed by SDS-PAGE and immunoblotting. Alternatively, the technical procedure for the purification of the DRM fraction can be achieved simply by using a purification kit that has been developed by Sigma-Aldrich, the CelLytic MEM protein extraction kit (catalogue number CE0050). This kit provides a mixture of nonionic detergents optimized to achieve high-performance purification of the DRM fraction and a gel that separates the membrane fraction in the DSM and DRM phases after detergent treatment. We have compared the performance of this kit to that of the traditional purification method and detected minimal variations between both approaches. When using either of these two technical approaches, it is important that all steps involved in the manipulation of cellular membranes, including detergent disruption, are performed at 4°C. Low temperatures favor the separation of the different lipid species and the stabilization of lipid ordering in bacterial membranes.
Step 1: preparation of cell membranes for detergent disruption. For the isolation of cell membranes, the respective strains of B. subtilis were grown in 100 ml of tryptic soy broth (TSB) medium at 37°C for 24 h. Subsequently, cells were pelleted (10 min at 4,000 rpm at 4°C), and the supernatant was removed. The dry pellet was either stored at Ϫ20°C until further use or resuspended in 10 ml of buffer H (20 mM HEPES [pH 8], 20 mM NaCl, 1 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF]). To lyse the cells, 200 l of lysozyme (1 mg/ml), 100 l of PMSF (100 M), and 5 l of DNase I were added to the suspension before disruption by using a French press (10,000 lb/in 2 and 4 passes). Centrifugation was performed to eliminate cell debris, and the membrane fraction was further precipitated by ultracentrifugation (100,000 ϫ g for 1 h at 4°C). The supernatant was discarded, and the membrane fraction was dissolved in buffer H supplemented with 10% glycerol.
Step 2: separation of DSMs and DRMs by centrifugation in a sucrose gradient. Disruption of the membranes was performed by using the CelLytic MEM protein extraction kit (Sigma-Aldrich). This kit provides a mixture of nonionic detergent and is adapted for high efficiency. Alternatively, other detergents, such as Triton X-100, Lubrol, Brij 96, Nonidet, 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), and octyl-␤-D-glucopyranoside, have been largely used at concentrations from 1 to 4% for the disruption of cell membranes. Optimization of the detergent treatment needs to be determined empirically. Incubation of the detergents with the membranes was performed at 4°C for 30 min. The total volume was mixed 1:1 with 80% sucrose in 0.2 M sodium carbonate, transferred into ultracentrifugation tubes, and carefully overlaid with a 5ϫ volume of 20% sucrose in buffer H. Separation of sucrose gradient fractions was performed by ultracentrifugation (15 h at 100,000 ϫ g at 4°C). Membrane fractions were collected by aspiration and kept on ice for protein precipitation.
Step 3: analysis of proteins associated with DSMs and DRMs. For protein precipitation, 4 volumes of ice-cold acetone were added to the sample. After 2 h of incubation at Ϫ20°C, denatured proteins were precipitated by centrifugation (20 min at 15,000 rpm at 4°C). Afterwards, the supernatant was removed, and pellets were dried at room temperature for up to 2 h. Proteins were resuspended in 1ϫ protein loading buffer and stored at Ϫ20°C. Protein analysis of the DRM and DSM fractions was performed by resolving both fractions independently in SDS-PAGE gels. For this purpose, samples were boiled for 5 min before loading into a 12% acrylamide-bisacrylamide gel (37:1:1).
